INTRODUCTION
Pseudogenes are defined as nonfunctional copies of genes. They have been identified in all types of organisms ranging from bacteria to mammals. In particular, pseudogene.org database lists 16,735 pseudogenes in the human genome [ 1 ] , while GENCODE lists 13, 447 pseudogenes ( http://www.gencodegenes.org/stats.html ).
Pseudogenes originate via two major processes. Duplicated pseudogenes are created via tandem duplication or uneven crossing over. Processed pseudogenes arise by retrotransposition, when an mRNA sequence or part of it is reverse transcribed to DNA and inserted into the genome. About 10 % of human genes have processed pseudogenes [ 2 ] . A third form of pseudogenization exists, although it is extremely rare. It involves losing gene function without having a functional version left in the genome. Only very few cases of these disabled unitary pseudogenes have been reported, whereas the other two forms are quite common.
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The function and importance of pseudogenes have long been enigmatic. They were historically considered as useless junk. However, several functions have been recently linked to them. Quite many pseudogenes are expressed, even in a tissue-specific manner.
Furthermore, although their coding sequence is nonfunctional, still many pseudogenes do not accumulate variations at random rate, instead they display evolutionary selection. The functions of pseudogenes include RNAi and competition for microRNA binding with other endogenous RNAs, as discussed in detail in refs. 3 -5 . Additionally, pseudogenes can represent a reservoir of sequences that contribute to increase genetic diversity.
GENETIC DIVERSITY
Genetic diversity means genetic variability within species and it is essential for the evolution of all species. Since the genomes of higher organisms are very scarce in genes (for example, in the human genome the protein coding sequences comprise less than 2 % of the genome length), the use of genome parts outside gene coding regions is an effective and economical way to increase the diversity of genes.
Pseudogenes contribute to increase the genetic diversity of a plethora of genes and they do so through recombination and gene conversion (Fig. 1) .
Antibodies, B-and T-cell receptors, and Major Histocompatibility Complex (MHC) type I and II are a prime example of molecules that increase their sequence diversity using pseudogenic sequences. Another example of the use of pseudogenes to increase significantly genetic variation is the production of antigen variation in surface molecules by intracellular pathogens, as discussed in details in the following chapters.
Additional examples involve ribosomal proteins, olfactory receptors, and cytochrome P450 enzymes. Ribosomal proteins (RPs) have the largest number of pseudogenes: in the human genome there are 1,822 processed ribosomal protein pseudogenes, while the number of ribosomal protein genes is just 80 [ 6 ] . It is not yet sure how much pseudogenes contribute towards the genetic diversity of RPs. However, RNA-seq analyses have indicated that several RP pseudogenes are highly expressed and in a tissue-specific manner [ 7 ] , while ribosomal proteins are typically expressed in an ubiquitous manner, suggesting that the pseudogenes may contribute to tissue-specific features of RPs.
Olfactory receptors (ORs) vary largely in numbers between organisms [ 8 ] . In mammals, 4-5 % of the genes belong to this group and in H. sapiens OR genes form one of the largest gene families (415 OR pseudogenes (51.7 %) in addition to 387 OR genes) [ 8 ] . Many different OR proteins are needed to detect different odors. Each OR is encoded by a single gene and gene conversion events allow to produce new genes with new specificities. The high number of OR pseudogenes present in mammals has been explained with the development of the color vision: due to better vision, the need for odor sensing has dropped and thus many OR genes have become pseudogenized. The OR gene to pseudogene ratio has in fact been suggested to refl ect the essentiality of olfaction for the organism [ 9 ] . For example, the ratio is small in humans, while it is high in rodents that rely on their olfaction for finding their food. On the other hand, since the olfaction is based on the combination of several different receptors, the higher is the number of OR genes and the higher is the sequence exchange among them, the higher becomes the number of smells that can be detected. Therefore, it seems economical to use pseudogenic sequences in order to modify the sequence of OR genes and hence widen the spectrum of odorants that can be smelled. OR pseudogenes contribute to sequence diversity also because their sequence can vary among individuals and possibly show intact reading frames [ 10 , 11 ] .
A third gene family with a large proportion of pseudogenes is that of cytochrome P450 enzymes. These enzymes have multiple functions in the synthesis, metabolism and catabolism of biological molecules, as well as of drugs and foreign chemicals. Humans have 57 genes and 58 pseudogenes, while mouse has 102 genes and 88 pseudogenes [ 12 ] and plants have substantially more, e.g., rice (Oryza sativa) has 356 genes and 99 pseudogenes [ 13 ] . The cytochrome P450 pseudogenes are thought to increase diversity by providing genetic material for gene rearrangements, also considering the fact that their sequence is subjected to a higher mutation rate than that of the corresponding protein coding genes.
PSEUDOGENES IN THE IMMUNOME
Genome-wide studies of pseudogenes are available for a number of genomes and protein families in Pseudogene.org and Pseudofam (http://pseudofam.pseudogene.org) [ 14 ] .
Functional pseudogenes have been investigated in three species, human, mouse, and chimpanzee [ 15 ] . However, there are no system-wide studies, with the exception of the human immunome [ 16 ] .
For the human immunome, we collected genes and proteins that are essential for human immunity [ 16 ] . The immunology related genes and the corresponding proteins were systematically collected from articles, textbooks, and databases. All these genes and proteins are directly involved in immunological processes.
Genes were included when essential for immunity. Immunodeficiency-related genes were from the ImmunoDeficiency Resource (IDR) [ 17 ] and IDbases [ 18 ] . Proteins with wide expression pattern outside immunological cell types were excluded. Only full-length genes were included. Signaling molecules were included only when involved in immunity-related cascades.
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The analysis revealed 847 essential immunome genes and proteins [ 16 ] as reported in the Immunome Knowledge Base (IKB, http://bioinf.uta.fi /IKB) [ 19 ] . A pipeline was developed for the identification of pseudogenes of immunome genes. Such a pipeline was subsequently developed into PseudoGeneQuest service for the analysis and search of human pseudogenes [20] . PseudoGeneQuest is freely available at http://bioinf.uta.fi/PseudoGeneQuest . 4,816 pseudogenes or fragments were found for 313 human immunome genes [ 16 ] . (Fig. 2b-d) . Activation-induced deaminase (AID) is essential for all the three processes.
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SHM randomly adds point variations via the process of error-prone DNA repair (Fig. 2b ) . In SHM, AID deaminates cytosine to uracil and error prone DNA polymerases complete the mutagenesis by introducing substitutions either to the modified site or next to it.
V gene conversion introduces changes that can be extensive to the V segments and utilizes pseudogenes as sequence reservoir (Fig. 2c) . The details of the mechanism are still elusive, however it is known that high sequence similarity between the gene and the pseudogene is a fundamental requisite and that the role played by AID is crucial [ 23 ] .
In H. sapiens there are about 130 V gene segments on chromosome 14, only 38-46 of which are functional depending on the haplotype, while the rest are pseudogenes [ 24 ] . Many of the pseudogenes could be corrected into functional genes by no more than three substitutions.
Interestingly, such a big number of V genes and pseudogenes is quite rare. For example, domestic animals have a much smaller repertoire [ 25 ] . Still, the pseudogene-utilizing gene conversion is the major factor for diversification in chicken. On the contrary, in other animals a similar output is obtained by alternative mechanisms. For example, D. melanogaster uses alternative splicing, which leads to over 30,000 gene variants [ 26 ] .
Unlike the other Ig maturation processes that increase the sequence diversity of the variable region, class switch recombination alters the constant region of the heavy chain, so that antibodies of different classes (isotypes) are produced (Fig. 2d ). CSR appears only after BCR activation and is regulated by cytokines released by helper T cells: activated BCRs engage naïve lymphocytes, which in turn secrete cytokines that induce the class switching.
The heavy chain exons are tandemly repeated and separated by switch regions. During CSR, some of the exons of the heavy chain locus are excised through double-strand breaks generated at the switch regions, while the remaining exons are ligated together by nonhomologous end-joining. The different Ig classes are therefore produced by the deletion of different exons (Fig. 2d) . carinii, a fungus, is a human-specific pathogen that causes opportunistic infections and pneumonia. Protozoan T. brucei infections lead to African trypanosomiasis in human, and nagana, a related disease in animals (mainly in cattle and horses). These organisms are thus widely different and responsible for different diseases. Common to all of them is to hide from the host immune system by "camouflaging" or concealing the pathogens by expressing variable antigens on their surface.
One of the best-studied examples is the pilin antigen variation in Neisseria. Pilins are fibrous proteins in hair-like pili on the surface of many bacteria. Pili are common structures, especially on Gram-positive bacteria. They are involved in the exchange of genetic material during bacterial conjugation and they are used to adhere to the surface of host cells.
The principle of antigen variation is also utilized in the phage display technology to generate peptide libraries to study protein interactions. In this technology, pili of viruses are modifi ed to carry proteins of interest and generate variations for screening [ 28 ] .
Both the natural and the artificial variations of the pili exploit their structure and localization, since modifications and insertions are easily accommodated in these surface proteins.
The bacterial pathogens discussed above have just one active gene and typically tens of pseudogenes. In the case of the eukaryotic organisms the number of functional genes is higher, up to 150 in Babesia bovis, which has 24 pseudogenes. The largest number of pseudogenes appears on T. brucei (up to 2,000) [ 29 ] . GC base pairs have been shown to be crucial for the gene-pseudogene recombination, by forming special 16 base pair guanine-rich four stranded DNA structures. These structures, which have a special topology that is much wider than the normal B-DNA double helix, can act as recombination initiation sites [ 30 ] .
The intracellular pathogens have also another interesting feature related to pseudogenes. Due to the environmental change from free living organisms to intracellular parasites, these species do not need all their genes anymore, as the host cells already have machineries for many essential functions such as metabolism, energy production, and catabolism. Thus, reductive evolution has led to the pseudogenization of large parts of their genome. For example, only about half of the genes of Mycobacterium leprae, which causes leprosy, are still active [ 31 ] .
By modifying the proteins present on the surface of their membrane, the pathogens evade from the immune system and can remain persistently in the infected hosts. Viruses, especially lentiviruses, utilize the same strategy, except that their genome does not contain the variable genetic material and the sequence stretches for antigen variation are taken from the genome of the host organism. HIV has the greatest antigenic variation among viruses, comparable only to hepatitis C virus, which however shows a much slower variation rate [ 32 ] .
PSEUDOKINASES
Protein kinases form one of the largest protein families. They are involved in phosphorylation of target molecules and therefore are among the most crucial cellular signaling molecules. H. sapiens has over 500 protein kinases, out of which 106 were originally suggested to be inactive kinases (pseudokinases) due to modifications in crucial conserved sites [ 33 ] . Zeqiraj et al. [ 34 ] extensively discuss about ways to inactivate kinases. They also group pseudokinases into four classes. Pseudofam lists 68 human pseudogenes for 53 parent genes in the protein kinase (Pkinase PF00069) family. The mouse kinome contains 97 pseudogenes [ 36 ] . Some of the kinases in H. sapiens appear as pseudogenes in the mouse and vice versa.
Very little is known about the function of the kinase pseudogenes in any organism, although some are known to be expressed and could be functionally active (see, e.g., ref. 37). The action of kinases is reversed by phosphatases, which are abundant in number as well (around 200 in the human genome). There are about 12 tyrosine phosphatase pseudogenes and some of them are expressed [ 38 ] . Since they could impact on crucial signal transduction pathways, the study of the catalytic activity, if any, of such pseudogenic kinases and phosphatases should be undertaken systematically. 
